Genome stability, an essential requisite for successful seed germination/seedling establishment, is maintained through the cellular DNA repair machinery which works in concert with chromatin remodeling regulators/effectors. To date, the correlation between DNA repair and seed vigour has been established while information is still missing as concerns the contribution of chromatin remodeling to seed quality enhancement. The role played by telomere maintenance mechanisms in relation to seed vigour is still debated. In the present work, a bioinformatic investigation was performed using the Virtual Seed Web Resource (www.vseed.nottingham.ac.uk) which provides microarray data from Arabidopsis thaliana dry seeds and from seeds collected at the different germination phases. Aim of the research was to analyse and compare the germination-specific transcriptional profiles of key genes involved in DNA repair, chromatin remodeling, and telomere maintenance.
Telomeres are essential elements for genome stability since they provide protection against the activity of exonucleases and events of chromosome fusion. However, telomeric tandem repeats with high guanine content are shortened after each cell division (telomere shortening), leading to replicative senescence. Cells have evolved specific enzyme activities, e.g. the reverse transcriptase telomerase, able to preserve telomere length [1, 2] . Telomerase is a ribonucleoprotein including a catalytic reverse transcriptase subunit (TERT) and a RNA subunit (TER) which acts as template for telomere repeat synthesis. In most cases, plant telomeres contain the (TTTAGGG) n repeat and differences between plants and animals in the strategies for telomere maintenance have been evidenced [3, 4] . As demonstrated by Riha et al. [5] , absence of TERT in Arabidopsis is associated with telomere shortening and chromosome instability, finally leading to growth defects and reduced fertility. To date, the link between telomere homeostasis and seed germination is still unclear. Both telomere fragmentation and telomere restoration have been associated with seed ageing in contrasting reports [3, 6] . More recently, Donà et al. [7] demonstrated that in the alpine species Silene acaulis telomere length increased in rehydrated seeds, possibly due to the activation of DNA repair mechanisms during the early phase of seed imbibition. This finding is in agreement with the model by Wang et al. [8] who proposed that moderate damage at telomeric sequences resulting from cellular metabolism triggers telomere lengthening while severe oxidative damage causes telomere degradation. Furthermore, telomere homeostasis is genotype-dependent since genetic/epigenetic factors can affect the frequency of telomere shortening and extension, as reported by Donà et al. [7] who showed significant differences in the average telomere length of different Silene species.
RESEARCH HIGHLIGHT
Whole transcriptome analysis has been exploited to gain knowledge on telomere maintenance mechanisms in plants. RNA-Seq analysis of Arabidopsis tert mutants highlighted genes modulated under conditions of chronic telomeric damage [9] . The DNA Damage Response (DDR) was permanently activated in the Arabidopsis tert mutants, as indicated by the up-regulation of several DDR genes, among which RAD51, PARP1 and BRCA1 [9] . A link between telomere maintenance and the DNA repair enzyme Tdp1α (Tyrosyl-DNA phosphodiesterase), involved in the removal of topoisomerase I-mediated DNA damage, was evidenced since the antisense-mediated down-regulation of the MtTdp1α gene in Medicago truncatula was associated with telomere shortening [10] . RNA-Seq also revealed the differential expression of Pif1 and RecQ genes encoding helicases involved in telomere maintenance, and the HnRNPA3 (Heterogeneous RiboNuclear Protein A3) gene. It is worth noting that in animal cells, deregulation of Pif, RecQ and HnRNPA3 genes is associated with telomere shortening [11] . To acquire preliminary information on the role played by key genes involved in telomere maintenance during seed germination, a bioinformatic investigation was performed using the Virtual Seed Web Resource (www.vseed.nottingham.ac.uk) which includes microarray data from Arabidopsis dry seeds and seeds collected at different time points during germination [12] . Results of this analysis are shown in Fig. 1 . For each tested gene, the transcript level both in dry seeds and in cotyledons/root tip is shown at different time points during rehydration. The time period (0-12 h) corresponding to the activation of DNA repair genes, essential step for preserving seed vigour [13, 14, 15, 16] is highlighted. Expression of TERT gene, encoding Arabidopsis telomerase reverse transcriptase, was observed in both cotyledons and radicle with a peak of TERT mRNA levels occurring during the 18-30 h time frame. This finding is consistent with the report by Riha et al. [3] who detected enhanced telomerase activity in root tips of germinating Silene seeds. The Arabidopsis CTC1, STN1 and TEN1 genes encoding components of CST [CTC1(CDC13)/STN1/TEN1], a trimeric complex required for telomere maintenance were analysed. CST interacts with telomere ends through the CDC13 protein which is able to promote and coordinate telomeric DNA replication while STN1 (Suppressor of CDC13) and TEN1 (Telomeric pathways in association with STN1) regulate telomerase [17] . As shown in Fig. 1 , almost the same CTC1 mRNA levels were accumulated during the tested period (0-36 h), except for a peak evidenced in the radicle at 2-6 h. The STS1 mRNA was found at lower levels, however a peak at 1 h was observed while the TEN1 transcript showed the highest accumulation at 1-12 h. Altogether, these data highlight the need for a functional CST complex able to maintain telomere integrity during early seed imbibition.
Shelterin is the other major telomere-specific-binding complex, which in Arabidopsis contains TRFL (TRF-like) proteins with affinity for double-stranded telomeric DNA and POT1 (Protection of Telomere) hortologs of the mammalian POT1 proteins that specifically interact with the single-strand telomeric end [18] . In a recent paper, Renfrew et al. [19] suggest that POT1 and TEN1 may compete in vivo for the same binding site on STN1. According to this study, the Arabidopsis POT1 protein contributes to telomere integrity by activating telomerase and facilitating the synthesis of long telomere repeats while TEN1 negatively regulates the telomerase enzyme activity. In agreement with this hypothesis, the POT1 gene showed expression profiles in Arabidopsis seeds that seem specular, compared to those observed for the TEN1 gene. In the Arabidopsis germinating seeds, the POT1 mRNA was progressively accumulated with the same temporal profile in cotyledons and radicle, reaching the maximum peak at 26-36 h (Fig. 1) . These data support the hypothesis of the opposite roles played by POT1 and TEN1 proteins at telomeres.
As for DNA repair, the expression profiles of Tdp1α and Tdp2α genes were investigated in Arabidopsis seeds. The Tdp1α gene was up-regulated during early imbibition (Fig.  1) , in agreement with the expression profiles described in M. truncatula by Macovei et al. [13] . Similarly, the Tdp2α gene was activated at 1-6 h. To date, the only link between the Tdp2 function and telomere length in plants has been provided by Confalonieri et al. [20] . Telomere length was measured in leaves of M. truncatula plants overexpressing the MtTdp2 gene encoding the α isoform of Tyrosyl-DNA phosphodiesterase 2, responsible for the removal of DNA topoisomerase II-mediated DNA damage. Under physiological conditions, telomere length was increased in the MtTdp2α-overexpressing lines which also showed enhanced expression of several DNA repair genes coupled with reduced DSBs levels [20] .
Effective DNA repair takes place only when repair effectors are accessible to the damaged sites. Chromatin remodeling is an essential process which allows relaxation of chromatin structure, facilitating the access of the repair machinery. The role of chromatin remodeling in relation to seed repair is still unclear. For this reason, the expression profiles of TRRAP (TRansformation/tRanscription domain-Associated Protein) gene encoding a member of the phosphatidylinositol (PI) 3-kinase-related kinase (PIKK) family, a main player in damage detection/signaling and chromatin remodeling [21] , was investigated. The highest levels of TRRAP transcript was accumulated at 12-20 h (cotyledons) and 0-12 h (radicle) (Fif. 1). Interestingly, TRRAP and Tdp1α genes showed similar expression profiles in the radicle tissue. Finally, when considering the levels of the tested transcripts in dry seeds, CTC1, STN1, Tdp1α, and TRRAP were the most represented while TEN1 and Tdp2α transcripts were accumulated at lower levels. The POT1 mRNA was detected at very low amounts in dry seeds.
Conclusions
According to the reported data, in the model plant Arabidopsis the up-regulation of Tdp genes involved in repair of topoisomerase-mediated DNA damage overlaps accumulation of TRRAP mRNA essential for chromatin remodeling, thus suggesting a role for the TRRAP protein during the early phase of seed imbibition. To our knowledge, this is the first evidence describing the requirement for the TRRAP function during seed rehydration. Activation of DNA repair and chromatin remodeling genes associates with the need for stable telomere structures ensured by the CST complex. Indeed the CST complex showed a peak of expression within the time period (early imbibition) in which also DNA repair is strongly enhanced to preserve genome integrity and ensure successful germination. Based on these premises, it is expected that the molecular pathways underlying telomere homeostasis will provide sets of valuable molecular indicators of seed vigour, useful for the early diagnosis of seed quality in commercial seed lots and germplasm collections. 
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